3 advances in the nanofabrication allowing the preparation of extremely sub-wavelength nanostructures, which combine diverse optical properties. 5 One relevant example is the class of magnetoplasmonic surfaces and crystals, composed by arrangements of nanoantennas either entirely [7] [8] [9] [10] [11] [12] [13] or partially [14] [15] [16] [17] [18] [19] [20] made of magnetic materials. Magnetic materials exhibit the so-called magneto-optical (MO) activity, arising from spin-orbit coupling of electrons, which results in a weak magnetic-field-induced intensity and polarization modulation of reflected and transmitted light. The unique optical properties of magnetoplasmonic nanoantennas arise from combining strong local enhancements of electromagnetic fields via surface plasmon excitations with their inherent MO activity. In the past decade, materials based on magnetoplasmonic nanoantennas were intensively investigated for their non-reciprocal light propagation properties, aiming for 2D flatoptics nanodevices, such as rotators, modulators, and isolators. 9, 11, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Their ability to enhance optical and MO responses resulted in an ultimate accuracy in the measurement of distances at the nanoscale 25 as well as very small refractive index changes in label-free biosensing applications. 8, 12, 26 Up to now, most studies of magnetoplasmonic nanostructures utilized bright (radiative)
plasmon modes, such as localized dipolar plasmonic resonances (LPRs). Indeed, multilayered hybrid noble/ferromagnetic metal structures and purely ferromagnetic nanoantennas have demonstrated the possibility to control and amplify the MO response via bright plasmons excitation. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] For a circular disk-like magnetoplasmonic nanoantenna, incident radiation of proper wavelength excites a LPR. Due to the activation by external magnetic field H of a net magnetization M in a ferromagnetic nanoantenna, a second LPR is induced by the inherent MO activity. 27 The MO-induced LPR (MOLPR)
is driven by the optical LPR in a direction orthogonal to both M and the LPR itself. The ratio of the amplitudes and the phase lag between these two orthogonal resonant bright 4 electric dipoles determines the magnetic-field-induced polarization change of interacting light. 27 For typical metallic constituents (pure ferromagnets as well as hybrid noblemetals/ferromagnets), both LPR and MOLPR of magnetoplasmonic nanoantennas have a relatively low quality factor (Q-factor). A maximum Q-factor in the order of 10 is typical of Au and Ag nanoantennas in the visible-near infrared spectral range and this value can be considered the upper limit also for magnetoplasmonic nanoantennas. The amplitude of the electric dipole associated to the LPR is approximately Q times, i.e, at most up to ~1-order of magnitude, larger than that induced in the continuous film counterpart. In a disk-shapes nanoantenna, the amplitude of the corresponding MOLPR driven by the LPR would be approximately Q 2 times, i.e., up to ~2-orders of magnitude larger than that in the continuous film in the best-case scenario considered here. However, the MO activity is proportional to the ratio between MOLPR and LPR amplitudes. 27 Therefore the resonant excitation of the two concurrent bright electric dipoles associated to the MOLPR and LPR limits the maximum achievable enhancement of the MO activity to only up to ~1-order of magnitude as it was observed in previous experiments. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] This up to 1-order of magnitude enhancement of the MO response represents therefore a sort of fundamental upper limit achievable with metallic magnetoplasmonic nanoantennas.
Recently the possibility to excite multipolar dark modes in complex plasmonic structures has emerged within the nanophotonics community as an important topic [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] due to their impact on nanoscaled lasing effects, 41 plasmon-driven strong-coupling dynamics, 42 hotelectron generation, 43 and ultrasensitive molecular detection. 30 Archetypical structures investigated are symmetric nanorings and concentric ring/disk nanocavities. For concentric ring/disk nanocavities, electromagnetic radiation at normal incidence can excite only dipolar modes in the ring (so-called bonding and antibonding modes) [34] [35] [36] [37] that couple to the dipolar mode of the disk leading to subradiant and superradiant coupled 5 modes. Subradiant modes have been extensively studied in the last years due to their richer optical behavior and its potential implication for refractive index sensing, 38 enhanced spectroscopy, 32, 34 and nanolasers. 40 Alike bare ring nanoresonators, concentric ring/disk nanocavities can sustain multipolar dark modes, but their charge distribution forbids a direct coupling to free-space photons at normal incidence. However, excitation of dark modes is enabled when the rotational symmetry of the unit is broken, e.g., by
displacing the disk position away from the ring center (non-concentric ring/disk nanocavities), leading to the appearance of new modes corresponding to Fano interferences generated by the hybridization of the dipolar mode of the disk and the multipolar dark modes of the ring. [32] [33] [34] The combination of magnetoplasmonics and nanocavities is an unexplored terrain.
Up to now, plasmonic nanocavities showing the excitation of multipolar resonances have been synthesized from non-magnetic plasmonic materials, typically gold. [29] [30] [31] [32] [33] [34] 37 In this letter we propose a design and demonstrate the fabrication of bi-component magnetoplasmonic nanocavities composed of a gold ring resonator and a ferromagnetic disk asymmetrically placed inside the ring. The magnetoplasmonic functionality of this structure stems from the excitation of a Fano resonance resulting from the hybridization of the LPR in the magnetic disk with a multipolar dark mode in the plasmonic ring. This hybridized mode features an intense bonding character but results to be low-radiant and thus does not significantly enhance the reemission of the light with primary polarization.
In turn, when the magnetic nanodisk is magnetically activated under the application of a magnetic field H parallel to the wavevector of the incident electromagnetic wave, the hybrid low-radiant mode drives an intense and bright, i.e. radiant, MOLPR mode in the ferromagnetic nanodisk, which is not hybridized. The MOLPR results being much more intense (~1-order of magnitude) than the enhanced MOLPR achievable in bare 6 magnetoplasmonic nanoantennas. We explore the unique potential of such construct for enhancing and controlling the polarization of re-emitted light via modulation of an external magnetic field.
It is worth noting that the nanofabrication of multi-component structures combining different materials in non-simply connected geometries, like non-concentric ring/disk nanocavities fabricated here, require a positioning control of individual parts of ~10 nm.
This represents an extremely challenging requirement even for modern nanofabrication.
Only recent studies reported on the fabrication of nanorings and split-ring resonators combining plasmonic and magnetic materials, but with the latter only as part of the ring, via colloidal lithography.
24,44

Results and discussion
A schematic of the NCRD nanocavity together with atomic force and scanning electron microcopy images of an array of such nanocavities are depicted in Figs. 1a-c. The Au nanocavity is characterized by inner and outer ring radii of Ri = 130 nm and Ro = 215 nm, respectively; the radius of the Py disk is Rd = 50 nm, and the gap between the disk and the ring is g ≈ 10 nm. For comparison, arrays of isolated Py disks (Py-DI) magnetoplasmonic nanoantennas and isolated Au rings (Au-RI) have also been fabricated for reference and are depicted in Figs. 1d-e. We also fabricated a control sample with an array of concentric ring/disk nanocavities using the same Ri, Ro, and Rd (Fig. S6 ). All the structures are 40-nm-thick and are arranged in a square array of 780-nm-pitch. The synthesis has been carried out by electron-beam lithography, followed by electron-beam and thermal evaporation of the Py and Au materials, respectively, onto Pyrex substrates.
Specifically, the synthesis of the hybrid Py/Au nanocavities has been achieved by finely 7 controlled two-step electron-beam lithography process in order to grow sequentially the Au rings in the desired position around the preexisting Py disks. We stress here that former studies of non-concentric ring/dot nanocavities dealt with mono-component structures typically made of Au, due to the high demands that their synthesis poses to nanolithography. portion of the nanocavity at 600 nm and 1650, respectively (see also Fig. S1 ). 36, 37 As featured in Figs. 2c and S1, the lower wavelength antibonding resonance corresponds to a dipolar mode through the inner and the outer surface of the ring; the bonding mode at 1600 nm corresponds to a dipolar resonance involving the entire ring structure. Both resonances are bright modes for the Au-RI that can be excited by direct coupling with free-space light even in symmetric structures, and thus appear in both the NCRD and Au-RI spectra. The presence of the Py disk nanoantenna in the NCRD is only marginally perturbing these modes, which occur at roughly the same wavelength and with almost identical features in both the NCRD and Au-RI spectra. For the NCRD, these two resonances correspond to the superradiant (600 nm) and subradiant (1650 nm) modes reported in the literature for mono-component cavities. 32 It is worth noting that far-field diffractive coupling due to the periodic array design of the samples produces extremely weak features at 800 nm in the simulated spectrum of AuRI (coupling through air, small black arrow in Fig. 2a) . 28 Such features are not observed in the experimental spectra and therefore far-field diffractive coupling can be regarded as negligible for our samples. The array with standalone Py disks produces a very broad plasmonic dipolar resonance peaked at ~550 nm (black solid lines in Figs. 2a-b). A comparison of surface charge distribution maps of the isolated Au-RI and the NCRD nanocavity at 820 nm ( Fig. 2c) clearly reveals that the dip at this wavelength arises from the strong and localized near-field coupling between the broad dipolar resonance of the Py disk with a high-order multi-polar dark mode possessing a S6 reflection-rotational (6-fold improper rotation) symmetry in the Au ring portion of the nanocavity. In literature, this mode is referred to as either the hexapolar or the octupolar mode of a ring.
32-34
Hereafter, we will label this mode as S6 in reference to the point-group notation.
Inspection of Fig. 2c shows that the surface charge distribution of the Au-RI displays a very weak S6 at 820 nm (note that intensity of the surface charge density map had to be multiplied by a factor 10 to become visible in Fig. 2c ), while for the NCRD the excitation of an intense S6 mode is clearly visible, although it is slightly distorted due to hybridization with the dipole in the Py disk.
To confirm experimentally a complete plasmonic spectrum of gold cavities we have performed an STEM-EELS study. The localized excitation realized in STEM-EELS, 45 can indeed efficiently excite all the eigenmodes supported by a plasmonic structure, including non-radiative modes, however, due to the rotational symmetry of the rings, a spatial distribution of the modes cannot be visualized. For this purpose, we have In our NCRD nanocavity, a coupling of the dipolar plasmon resonance of the Py disk nanoantenna can only occur with the strong bright dipolar antibonding mode and with the S6 dark mode at around 600 nm and 800 nm of wavelength, respectively. We therefore expect to see only three features in the spectrum of NCRD structures, at around wavelengths of 600 nm, 800 nm, and above 1600 nm, which is exactly what we observe in the simulated and measured spectra (Figs. 2a and 2b ).
Once we attained a clear overview of the main optical features, we then investigated the physics of the hybridization of bright and dark modes in the magnetoplasmonic nanocavity and its effects on the H-induced light polarization modulation in the relevant spectral range, i.e., from 500 nm to 1200 nm where the hybridization should occur. The study was performed by measuring MO Kerr effect (MOKE) spectra, namely polarization rotation (θK) and ellipticity (εK), of reflected light while changing magnetization of the Py disk with H applied perpendicular to the sample plane. Figure 3a shows a schematic of the MOKE configuration utilized in the experiment (polar MOKE configuration, see
Methods for details). From the spectra of θK and εK, the spectral dependence of the Hinduced modulation of light polarization is numerically quantified by the modulus |K| of the complex Kerr angle, K = (θK + i εK). This quantity is conventionally named as MO activity, hereafter referred to as MOA. The measured θK, εK, and MOA spectra are reported in Figs. 3b and 3c for both the Py-DI and the NCRD structures. 
13
A clear difference can be observed both in shape and in intensity of the experimental MOA for the Py-DI and the NCRD structures (Fig. 3c) . For the case of the Py-DI nanoantennas, the MOA spectrum displays the usual features of magnetoplasmonic nanostructures, with a maximum of the MOA (gray balls in Fig. 3c ) in the spectral range were the dipolar LPR is observed, with the characteristic oscillating behavior of θK and εK (solid dots in Fig. 3b ). These lineshapes are well understood and known to arise from the interplay between the amplitude and phase of the LPR and MOLPR. 27 The fact that MOKE signals of the Py-DI sample can be clearly measured in the spectral range where the LPR is excited (500-900 nm) despite the fact that the nanoantennas cover only a minute fraction (≈1.2%) of the sample surface, is the result of the well-studied plasmon which is proportional to the maximum value of | (max), in the Py disk inside the NCRD nanocavity is much larger (~1 order of magnitude at 820 nm) than that in the bare Py-DI nanoantenna at the same wavelength and even at full resonance at 550 nm. 
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mT, see Fig. S2 ). Two lock-in amplifiers were used to filter the signal at the modulation frequency (42 kHz) and at twice the modulation frequency in order to retrieve Kerr ellipticity (εK) and rotation (θK) angles simultaneously. 47 The limit of detection of our MOKE setup, i.e. the noise level, is of 2 radians (standard deviation), namely ~2 orders of magnitude smaller than the smallest signal measured in the here reported experiment.
Therefore, error bars are smaller than the size of the symbols utilized in the plots (Figs.
3b and 3c).
Simulations. Electromagnetic simulations: 3D electrodynamical calculations of the optical transmittance and the surface charge density maps were performed adopting the Finite Element Method implemented in the commercial COMSOL Multiphysics software 48 using the RF module in the frequency domain. The experimental structures (Py-DI, Au-RI and NCRD) were modeled as arrays using standard ports formulation and periodic boundary conditions. Hence, the physical domains resulted to be placed in regular square array arrangements with a pitch of 800 nm along both the in-plane axes and influenced by linearly polarized light at normal incidence. We used air, nair=1.0, for the incoming light environment, a substrate with a refractive index n=1.5 (mimicking Pyrex) and Au dielectric optical functions from Johnson and Christy. 49 For the magnetoplasmonic structure (Py-DI) we consider a non-diagonal dielectric tensor medium in which the non-zero off-diagonal elements depend on the applied magnetic field, the orientation of the geometry and the polarization of the incoming light. For our case, i.e.
light reflected through the sample with an applied magnetic field perpendicular to the surface of the sample (polar Kerr configuration), the dielectric tensor for the Py-DI in terms of the diagonal ℇ ( ) and off-diagonal ℇ ( ) terms adopts the form
where d() and od() for Ni are taken from Ref. 50 . We used dielectric properties of Ni as representative of Py since the two materials have almost identical optical and magnetooptical properties and the dielectric tensor constants of the former are available over a larger spectral range. The inversion of the sign in the off-diagonal elements mimics the effect of the reversal of the static magnetic field from + H to -H. All domains were meshed by using tetrahedral elements where the maximum mesh element size was kept below λ/10, where λ is the wavelength of the incident light. For the elements corresponding to both the ring and the disk domains, the size was ten times finer than the biggest element size (verified to properly resolve the considered structures).
The 2D-maps of the surface charge density (Fig. 2c, Fig. 5a , Fig. S3, Fig. S4 , and p O
